Abstract: Model simulations predict that lowering herbicide efficacy by reducing the application rate would slow the rate of enrichment of herbicide-resistant individuals in a weed population, but the resulting increase in density of susceptible plants would reduce crop yield and increase the weed seed bank. A study was conducted at three sites in Saskatchewan, Canada, from 1997 to 2000 to examine the implication of reduced rates of acetyl-CoA carboxylase (ACCase) inhibitors in a diverse 4-yr crop rotation, in conjunction with variable crop seeding rates, on the enrichment of resistant wild oat in a mixed (resistant and susceptible) population. Main-plot treatments were crop (barley, canola, field pea, and spring wheat), subplot treatments were crop seeding rate (recommended and high), and sub-subplot treatments were ACCase inhibitor rate (0, 0.33, 0.67, and 1.0 times the recommended rate). Herbicide rate frequently interacted with seeding rate in affecting wild oat seedling density, seed return, the viable fraction of the weed seed bank, and crop seed yield. As simulation models predict, reduced herbicide efficacy decreased the proportion of resistant individuals in the population. The high crop seeding rate compensated for a one-third reduction in herbicide rate by limiting total wild oat seed return and by reducing the number of resistant seedlings recruited from the seed bank. The level of resistance in the seed bank can be reduced without increasing the total (resistant plus susceptible) seed bank population by manipulating agronomic practices to increase crop competitiveness against wild oat when ACCase inhibitor rates are reduced to a maximum of two-thirds of that recommended.
INTRODUCTION
Wild oat is the worst annual grass weed in the Northern Great Plains of Canada, and the increasing incidence of herbicide resistance in this species is compounding the difficulty of its effective management. Field and grain elevator surveys conducted in 1996 and 1997 in the region indicated that resistance in wild oat to acetylCoA carboxylase (ACCase) inhibitors occurred most frequently, followed by resistance to acetolactate synthase (ALS) inhibitors and to triallate, a thiocarbamate herbicide. In a survey of two randomly selected townships (each 10-km square) located in different agricultural regions of Saskatchewan in 1997, nearly 50% of fields had populations with ACCase inhibitor resistance, 20 to 30% with ALS inhibitor resistance, and about 15% with triallate resistance (Beckie et al. 2002) . Wild oat was resistant to herbicides of different modes of action in 30 to 40% of the populations.
Occurrence of resistance in wild oat in western Canada is associated primarily with frequency of herbicide group use and extent of implementation of weed sanitation practices by growers (Légère et al. 2000) . Few of the agronomic practices generally suggested for the management of resistance, including crop rotation and competition, delayed seeding, and timely tillage, had a significant effect on the frequency of wild oat resistance. Thomas et al. (1999) showed a lack of association between the frequency of resistance in wild oat and farming systems in Saskatchewan, further confirming that frequency of herbicide use was the dominant factor in explaining the presence of resistance.
ACCase inhibitors are the most popular herbicides for selectively controlling wild oat in cereal and broadleaf crops in western Canada. In 1997, almost 60% of fields in the prairie provinces planted to annual crops were sprayed with an ACCase inhibitor (Beckie et al. 2001) . Because graminicides such as ACCase inhibitors are relatively expensive, several studies have examined the feasibility of using lower than the recommended rates of these products. In general, the effectiveness of reduced rates of ACCase inhibitors on wild oat management has been variable, being influenced by a number of factors including the specific herbicide, wild oat density and growth stage, and environmental factors (Belles et al. 2000; Holm et al. 2000; Spandl et al. 1997; Stevenson et al. 2000; Stougaard et al. 1997) .
Agronomic practices, such as crop rotation, crop seeding rate, crop row spacing, and fertilizer placement, can reduce wild oat populations and the extent of weed interference against the crop (Barton et al. 1992; Kirkland 1993; O'Donovan et al. 1999) . There is little evidence, however, that the sole use of these individual practices would provide long-term weed control, especially for managing weed seed production (Evans et al. 1991; O'Donovan et al. 1999; Thill et al. 1994) . Little research has been conducted to examine the relationship between crop competitiveness with wild oat and efficacy of low herbicide rates. Crop competition was shown to be essential for effective wild oat control with several graminicides (Sharma and Vanden Born 1983) . In a recent study in western Canada, seeding barley at relatively high rates resulted in optimum crop yields, undiminished economic returns, and effective wild oat management when ICIA 0604 (proposed common name, tralkoxydim, 2-[1-(ethoxyimino)propyl]-3-hydroxy-5-(2,4,6-trimethylphenyl)cyclohex-2-enone) was used at lower than the recommended rates (O'Donovan et al. 2001) . In southern Queensland, Australia, maximum wheat yield and reduction in winter wild oat (Avena ludoviciana Durieu) seed production were achieved with higher than recommended seeding rates and 50 to 75% of the recommended rate of ICIA 0604 (Walker et al. 2002) .
Similar to the findings of O'Donovan et al. (2001) and Walker et al. (2002) , model simulations have concluded that it is not profitable to reduce herbicide rates in order to reduce selection pressure (efficacy or persistence) for resistance unless accompanied by a compensating increase in other types of weed control (Diggle and Neve 2001) . Although reduced rates that lowered efficacy would slow the rate of enrichment of herbicide-resistant (HR) individuals in a population, the resulting increase in the density of herbicide-susceptible (HS) weeds would reduce crop yield and quality and increase weed seed return to the seed bank (Gorddard et al. 1996; Morrison and Friesen 1996) . These model simulations have used input parameters based on field data, but the outputs have not been validated with field data. In addition, the effect of reduced herbicide rates in combination with cultural weed management practices on HR weed population dynamics is not known. To begin to address this research issue, a 4-yr study was conducted to investigate the implication of reduced rates of ACCase inhibitors in a diverse cereal, oilseed, and pulse (annual legume) crop rotation, in conjunction with variable crop seeding rates, on the enrichment (both proportional and absolute) of HR wild oat in a mixed (HR and HS) population. The sites were located on permanent pastureland owned by the Prairie Farm Rehabilitation Administration of Agriculture and Agri-Food Canada. Because HR wild oat seed was used in the experiment, a large isolation buffer between the adjacent cropped land was desired. A 1-ha fenced area at each site was fallowed in 1995 and 1996 using a combination of tillage and glyphosate treatments in preparation for crop cultivation in 1997. Observations of wild oat recruitment in 1996 confirmed the absence of a seed bank at each site. The soil at the Rosetown site is a Valor clay loam (Aridic Haploboroll) with 4.0% organic matter (OM) content and pH 7.4; the soil at the Watrous site is an Oxbow sandy loam (Udic Haploboroll) with 4.5% OM and pH 7.5; and the soil at the North Battleford site is a Meeting Lake loam (Boralfic Haploboroll) with 2.5% OM and pH 7.0. All soils were nonsaline. Precipitation and air temperature during the growing season (May to August), which were recorded at the nearest weather station (26-to 42-km distance), were used to calculate monthly precipitation and monthly mean temperatures, respectively, at the three sites.
MATERIALS AND METHODS

Sites
Experiment Design and Protocol. The experiment was arranged in a split-split-plot design with four replications. Main-plot treatments were crops: barley, canola, field pea, and spring wheat. Seeds were treated with a fungicide. Subplot treatments were the crop seeding rate:
(1) recommended for the area, and (2) 1.3 (field pea) or 1.5 times (barley, canola, and wheat) the recommended rate (Table 1 ). The high seeding rate for field pea was proportionally lower than that of the other crops because of agronomic and economic considerations, i.e., the inherently high recommended seeding rate combined with the high cost of seed. Sub-subplot (2.5 by 10 m) treatments were ACCase inhibitor rates of 0.33, 0.67, and 1.0 times the recommended rate plus an untreated control. Sethoxydim was applied in broadleaf crops; ICIA 0604 was applied in cereal crops. The mean recommended rates of sethoxydim and ICIA 0604 were 180 and 200 g ai/ha, respectively. A surfactant oil 4 was added to the ICIA 0604 spray solution at 0.5% (v/v) and to the sethoxydim spray solution at 1% (v/v). Herbicides were applied using a handheld boom equipped with flat-fan nozzles 5 that delivered a spray volume of 110 L/ha at 275 kPa when the majority of wild oat seedlings were in the two-to three-leaf stage. Broadleaf weeds were controlled as early as possible by herbicides or by roguing to minimize their interference with wild oat and the crop.
The crops were grown in a 4-yr rotation: field peawheat-canola-barley. All phases of the rotation were present each year. Crops were seeded in early to midMay (dependent on soil moisture and temperature conditions) using a disk drill with 20-cm row spacing. Canola was seeded 1.5 to 2 cm deep, whereas field pea, barley, and wheat were seeded 2.5 to 5 cm deep, depending on soil moisture conditions. Spring rye (Secale cereale L.) was seeded between plots (one row), between replications (blocks), and along the perimeter of the experiment to minimize wild oat pollen flow. Wild oat is highly selfing, with outcrossing rates measured at 0.17% for plants within 56 cm of each other in a dense stand (Murray 1996) . Fertilizer N, P, and S were seed-placed or side-banded at rates based on soil test recommendations. Plots were tilled (8 to 10 cm deep) lengthwise once before seeding, using a field cultivator with mounted harrows.
In the spring of 1997, HS wild oat was hand-broadcast at a rate of 200 germinable seeds/m 2 before seeding and incorporated into the soil during the tillage operation. The population originated from an organic farm in Saskatchewan and was confirmed to contain no HR individuals. Seeds exhibited little dormancy; the germination rate for the seedlot consistently exceeded 95%. Seedlings of the HR biotype, UM1, were transplanted into plots at a rate of 2% of the HS population after HS plants had emerged. The HR plants were marked with a colored plastic ring around the base to monitor their survival to the reproductive stage. The HR biotype has been well characterized (Heap et al. 1993; Murray et al. 1995; Shukla et al. 1997 ). The biotype is resistant to ACCase inhibitors belonging to the aryloxyphenoxypropionate and cyclohexanedione chemical classes, including sethoxydim and ICIA 0604. Resistance in UM1 was attributed to an altered target site, ACCase, conferred by a single, semidominant, nuclear gene. Data Collection. Crop plant density was measured 3 wk after emergence in four randomly placed 0.25-m 2 quadrats per subplot. At 3 wk after herbicide application, wild oat seedling density was enumerated using the same procedure. To estimate wild oat seed rain during the growing season, ten 10-cm-diam plastic containers were placed randomly throughout the center area of each plot after herbicide application and removed when wild oat plants were harvested to measure seed return. This contribution from seed rain was added to seed production measured at harvest to obtain total seed return. Before general seed shatter, wild oat aboveground biomass was harvested. Shoot biomass from each of the four quadrats from each plot was collected in a cotton bag and subsequently dried in forced-air drying rooms. Thereafter, plants were threshed, and seeds were weighed. Wild oat seed viability was measured about 6 mo after harvest to allow for diminished innate dormancy. Fifty dehulled seeds per plot sample were germinated on moist filter paper in 100-mm-diam by 15-mm-deep petri dishes over a 5-wk period in a dark incubator set at 25 C. The experiment was arranged in a completely randomized design, with four replications per treatment. The experiment was repeated once. Germinated seeds were counted daily and removed. After 2 wk, ungerminated seeds were pierced with a sterile needle on the dorsal side adjacent to the embryo and reincubated. After 5 wk of incubation, ungerminated seeds were considered nonviable. In early spring of the following year, remaining seeds were returned to plots in areas where they had been harvested the previous year.
Crop seed yield was determined at plant physiological maturity by harvesting aboveground biomass in two 1-m 2 quadrats per plot using procedures similar to those used for the wild oat harvest. Seed weight was adjusted to 10% moisture content. The crop that remained in each plot was harvested after wild oat seed shatter using a small-plot combine, ensuring that the residue was contained within the plot area.
Wild oat seeds collected from each plot in the final year of the experiment (2000) were tested for ACCase inhibitor resistance in 2001 using the procedure outlined by Murray et al. (1996) and modified by Bourgeois and Morrison (1997) . A total of 100 seeds from each sample (one aggregate sample per plot) was screened. Treatments (and untreated controls) were replicated four times, and the tests were repeated.
In late April of 2001, soil was sampled to determine the viable fraction of the seed bank. Twenty-five 5-cmdiam by 10-cm-deep soil cores, sampled in a ''W'' pattern, were collected from each plot. Cores from each plot were combined, and the bulk samples were frozen until late spring-summer of 2001 when three growth periods were conducted outdoors in flats measuring 52 by 26 by 5 cm. Soil in flats was watered twice daily. A liquid N-P-S fertilizer was applied to each flat once during each of the three growth periods. Wild oat seedlings were counted at the two-to three-leaf stage and then sprayed with fenoxaprop-P (formulated without a safener) at 80 g ai/ha. The HR population, UM1, is resistant to fenoxaprop-P (Heap et al. 1993 ). The spray procedure was similar to that described previously. Three weeks after spraying, survivors were counted and removed, and the soil was remixed. The sample was returned to the freezer for 3 wk in advance of the second growth period. This procedure was repeated for the final growth period. Data Analysis. Data were subjected to ANOVA (PROC MIXED) with all factors in the model (crop, seeding rate, herbicide rate, site, and year), by year with site in the model, by site with year in the model, and by site and year (SAS 1999) . Treatment means for crop plant density were compared using the LSD test (P Ͻ 0.05).
Statistical analysis of the wild oat rate-response data (except that of HR wild oat seedlings) followed the procedure described by Seefeldt et al. (1995) . Data were fitted to the log-logistic model:
where y ϭ the wild oat variable, x ϭ the herbicide rate (g ai/ha; a small positive value of 1.0 was assigned to the 0-g ai/ha rate to calculate natural logarithms), C ϭ lower limit (asymptote) of the response curve, D ϭ up-Volume 17, Issue 1 (January-March) 2003 Figure 1 . Response of wild oat seedling density to the recommended ( ⅜ ) and high seeding rates (-ⅷ-) at increasing rates of ICIA 0604 in barley and spring wheat and of sethoxydim in canola and field pea (averaged across site-years). Refer to Table 3 for parameter estimates. per limit, b ϭ slope, and ED 50 ϭ rate (g ai/ha) of herbicide that reduced the wild oat variable by 50% relative to the untreated control. Where appropriate, the response curves representing the two seeding rate treatments were tested systematically for common C and D, common b, and common ED 50 using the lack-of-fit F-test at the 0.05 level of significance, as outlined by Seefeldt et al. (1995) . Data were fitted to the models using a derivativefree nonlinear regression procedure provided with PROC NLIN (SAS 1999) . Crop seed yield and HR wild oat seedlings from the final seed bank in response to herbicide rate were analyzed using curvilinear regression (Freund and Littell 1986) . Responses were best described by the quadratic model. Regression analyses were performed on treatment means averaged over replications, as recommended by Gomez K. A. and Gomez A. A. (1984) . Coefficients of determination (R 2 ) were calculated as described by Kvalseth (1985) using the residual sum-of-squares value from the SAS output.
RESULTS AND DISCUSSION
Weather Conditions. Total growing season precipitation was above normal for seven site-years, below normal for four site-years, and near-normal for one site-year (data not shown). At the time of crop establishment in May, less than 80% of the normal (30-yr mean) monthly precipitation was received for 5 of the 12 site-years. Average growing season temperatures were near-normal for all site-years.
Crop Stand Density. The response of crop plant density to seeding rate treatment varied by crop, which, in turn, 
, where y ϭ wild oat variable, x ϭ herbicide rate (g ai/ha), C ϭ lower limit (asymptote) of the response curve, D ϭ upper limit, b ϭ slope, and ED 50 ϭ herbicide rate that reduced the wild oat variable by 50%, relative to the untreated control. The coefficients of determination (R 2 ) were always significant (P Ͻ 0.05); one coefficient is calculated for the entire model. b Responses pooled across sites and years. c Responses pooled across sites, 1997-1999. varied among site-years (i.e., significant seeding rate by crop by site by year interaction, P Ͻ 0.05). The high seeding rate treatment had higher stand densities for the four crops for most site-years (Table 2) . Increasing the seeding rate of canola, barley, and spring wheat by 50% resulted in an average of about 40% higher plant densities of each crop for 10 of the 12 site-years. The high seeding rate of field pea (1.3 times recommended) resulted in 30% greater plant stands in 9 of the 12 siteyears. Dry topsoil conditions at seeding time or presence of insect pests (e.g., flea beetles [Phyllotreta spp.] and grasshoppers [Camnula and Melanoplus spp.]) usually accounted for nonsignificant seeding rate effects or relatively low crop plant densities for both seeding rate treatments.
Herbicide Efficacy. Wild oat density responded to increasing herbicide rates differently between crop seeding rate treatments in barley and field pea but not in wheat or canola (Figure 1 ; Table 3 ). Differences in response of wild oat density to increasing herbicide rates between seeding rate treatments for barley and field pea were confirmed by the lack-of-fit F-test. Differences in weed densities between seeding rate treatments were greatest in the untreated control plots. Densities were reduced 12 and 15% by increased field pea and barley seeding rates, respectively, and were reduced by a similar amount in corresponding treatments in wheat and canola when compared by a t-test. Wild oat population densities in herbicide-untreated plots increased markedly each year because of lack of control (data not shown). These densities varied by crop, reflecting the relative weed competitiveness of the four crops, i.e., highest densities in field pea and lowest in barley.
The herbicide rate by year interaction was significant for weed density in all crops; herbicide effectiveness of wild oat control was consistently reduced at all three sites in the final year (2000) of the crop rotation relative to the average control level measured in the previous 3 yr (data not shown). Mean weed densities in plots treated with the recommended herbicide rate or two-thirds of the recommended rate in 2000 were about threefold higher than those for corresponding treatments applied in the previous 3 yr. Reduced efficacy was attributed to resistance in an increased proportion of the population in 2000 (discussed below) and not to environmental conditions.
Crop Seed Yield. Response of barley, wheat, and canola seed yields to increasing herbicide rates differed accord-Volume 17, Issue 1 (January-March) 2003 Figure 2 . Response of crop seed yield to the recommended ( ⅜ ) and high seeding rates (-ⅷ-) at increasing rates of ICIA 0604 in barley and spring wheat and of sethoxydim in canola and field pea (averaged across site-years). Refer to Table 4 for parameter estimates. ing to seeding rate, as indicated by a significant seeding rate by herbicide rate interaction and confirmed by the lack-of-fit F-test (Figure 2 ; Table 4 ). However, field pea seed yield response to herbicide rate did not differ between crop seeding rate treatments. Seeding rate by herbicide rate by site by year factors did not interact significantly for any crop. Although weed densities were generally higher in herbicide-treated plots in 2000 than in previous years, crop yield responses were not significantly affected. Crop yields averaged across site-years in plots where the recommended herbicide rate was applied were close to the long-term yields in the province. In untreated control plots, barley and wheat yields at the high seeding rate treatment averaged 44 and 21% more, respectively, than yields in plots seeded at the recommended rate.
Crop seeding rate recommendations were based on seed yield in weed-free plots. Weed scientists in western Canada have advocated increased seeding rates to enhance crop competitiveness against weeds. These results suggest that adoption of this management practice would be most beneficial in low-input cropping systems.
Wild Oat Seed Return. Response of wild oat seed production in barley, wheat, and canola to increasing herbicide rates differed according to seeding rate treatment (Figure 3 ; Table 3 ). However, there was no significant seeding rate by herbicide rate interaction for seed return response in field pea. Results within crop were averaged across sites because of no seeding rate by herbicide rate by site interaction. In barley, wheat, and canola, seed return at two-thirds of the recommended herbicide rate -ⅷ-) treatments at the conclusion of the experiment, as a function of acetyl-CoA carboxylase inhibitor rate. Refer to Table 3 for parameter estimates.
and at the high seeding rate was similar or lower than that at the recommended herbicide rate and at the recommended seeding rate. Thus, enhanced cultural weed control was able to compensate for decreased herbicide rate application in relatively competitive crops but not in the less competitive field pea crop. Wild oat seed return response to increasing herbicide rates varied according to year. Similar to wild oat density, seed return was significantly greater across sites in 2000 than the average of the previous 3 yr (Figure 3 ). This increase was most evident at the two-third and fullrecommended herbicide rate treatments. However, the response of seed return to increasing herbicide rates in the four crops in 2000 was not significantly affected by seeding rate.
Relative wild oat seed return among crops, similar to wild oat densities, reflected the relative competitiveness of the crops. As expected, the greatest weed seed production occurred in field pea. Sethoxydim applied at the recommended rate reduced seed return by about 80% relative to untreated controls; this level of control was less than that in the other crops, which was greater than 90%. Wild oat seed viability for all treatments across all site-years was consistently greater than 90% (data not shown). Treatments had no effect on viability.
Resistant Wild Oat Seed Enrichment. The percentage of ACCase inhibitor-resistant wild oat seeds harvested in 2000 increased linearly with increasing herbicide rates after 4 yr of application (Figure 4 ). All factors in the experiment, other than herbicide rate, did not affect the level of HR seeds in the population. The proportion of HR seeds in untreated control plots was similar to initial levels established in 1997 (2%) and increased to over 50% of seeds in plots treated at the recommended herbicide rate. In simulation models describing resistance evolution in weeds, the percentage of resistant individuals in a population after multiple herbicide applications is directly proportional to selection pressure estimated by weed seed yield reduction due to herbicide treatment, i.e., effective kill (Gressel and Segel 1982) . In a 4-yr field study, the frequency of triallate-HR:HS wild oat was determined to be higher in continuous wheat when compared with continuous barley (O'Donovan et al. 2000) . Over the 4-yr period, seed production by the less dormant HR population may have been reduced more in barley than the more dormant HS population.
The response of the viable fraction of the wild oat seed bank to increasing herbicide rate did not differ among crops but did differ between seeding rates (i.e., significant seeding rate by herbicide rate interaction) ( Figure 5 ). The seeding rate by herbicide rate by site by year interaction was not significant. In untreated control plots, the seed bank was 16% lower in plots seeded at the high rate. The seed bank was reduced by more than 95% at the recommended herbicide rate. Nevertheless, wild oat seedling recruitment at this rate was still high with 94 and 65 plants/m 2 at the recommended and high seeding rates, respectively. The persistence of this species in the seed bank due to its dormancy characteristics (Sharma and Vanden Born 1978) slows the rate of enrichment of HR propogules over time in the seed bank.
The seed bank densities of HR wild oat seedlings in Figure 6 . Acetyl-CoA carboxylase inhibitor-resistant wild oat seedlings from the seed bank at the conclusion of the experiment for the recommended ( ⅜ ) and high seeding rate (-ⅷ-) treatments at reduced and recommended herbicide rates. Refer to Table 4 for parameter estimates.
plots treated with herbicides were lower for the high seeding rate treatment when compared with the recommended seeding rate treatment ( Figure 6 ). Similar to total (HR plus HS) seed bank densities ( Figure 5 ), seeding rate and herbicide rate interacted in affecting HR seedling densities. This interaction did not vary by site. Resistant seedling mean density in plots seeded at the high rate and treated with two-thirds of the recommended herbicide rate were lower than that in plots seeded at the recommended rate and where the full-recommended rate of herbicide had been applied. Densities were similar in herbicide-untreated plots of the two seeding rate treatments. Resistant wild oat seedling densities increased with increasing herbicide rate to two-thirds of that recommended. However, densities were similar in plots treated with the two-third and full-recommended rates.
The results of this field study agree with simulation model predictions that reduced rates with less efficacy decrease the rate of enrichment of resistance in weed populations. The high seeding rate in cereals and canola was able to compensate for a one-third reduction in herbicide rate in limiting total wild oat seed return and also in reducing the number of HR seedlings recruited from the seed bank. Thus, in a diverse crop rotation where agronomic practices are used to enhance the weed competitiveness of the crop and herbicide efficacy is enhanced by proper application timing relative to weed growth staging, growers may be able to reduce ACCase inhibitor rates in relatively competitive crops. In this management system, we have shown that the level of resistance in the seed bank can be reduced without increasing the total (HR plus HS) seed bank by lowering herbicide rates to a maximum of two-thirds of that recommended.
Moreover, yields of cereal and oilseed crops are not affected adversely. For wheat and barley, the higher seed costs would be substantially offset by lower herbicide costs, resulting in input savings of US $3/ha to $5/ha (data not shown). However, the additional cost of canola seed would be greater than the savings in herbicide costs. Nevertheless, growers must consider the direct and indirect short-and long-term costs of herbicide resistance, which are usually highest for grass weed species.
